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Abstract
Isolated copper/zinc superoxide dismutase (Cu/Zn-SOD) or manganese superoxide dismutase (Mn-SOD) together with
hydrogen peroxide (H2O2) caused rapid breakdown of nitric oxide (NO) and production of peroxynitrite (ONOO3)
indicated by the oxidation of dihydrorhodamine-1,2,3 (DHR) to rhodamine-1,2,3. The breakdown of NO by this reaction
was inhibited by cyanide (CN3) or by diethyldithiocarbamate (DETC), both Cu/Zn-SOD inhibitors, and the conversion of
DHR to rhodamine-1,2,3 was inhibited by incubating Cu/Zn-SOD with either CN3 or with high levels of H2O2 or by
including urate, a potent scavenger of ONOO3. In the presence of phenol, the reaction of SOD, H2O2 and NO caused
nitration of phenol, which is known to be a footprint of ONOO3 formation. H2O2 addition to macrophages (cell line J774)
expressing the inducible form of NO synthase (i-NOS) caused rapid breakdown of the NO they produced and this was also
inhibited by CN3 and by DETC. Subsequent ONOO3 production by the macrophages, via this reaction, was inhibited by
CN3, high levels of H2O2 or by urate. H2O2 addition to i-NOS macrophages also caused cell death which was, in part,
prevented by DETC or urate. We also found inhibition of mitochondrial respiration with malate and pyruvate as substrates,
when isolated liver mitochondria were incubated with Cu/Zn-SOD, H2O2 and NO. Inhibition of mitochondrial respiration
was partly prevented by urate. The production of ONOO3 by SOD may be of significant importance pathologically under
conditions of elevated H2O2 and NO levels, and might contribute to cell death in inflammatory and neurodegenerative
diseases, as well as in macrophage-mediated host defence. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
Nitric oxide (NO) reacts with molecular oxygen
(O2), superoxide (O32 ) and transition metals to yield
nitrogen dioxide (NO2), peroxynitrite (ONOO3), and
metal^nitrosyl adducts, respectively, and each of
these products has characteristic physiological and/
or pathological roles [1]. In fact, the known toxicity
of NO in, for example, the neurotoxicity of stroke
and ischaemia, Alzheimer’s disease, Parkinson’s dis-
ease, multiple sclerosis, motor neuron disease and
in£ammatory diseases, is probably mediated by these
secondary products, particularly ONOO3 (reviewed
in [2]).
O32 , produced by the reduction of O2, has one
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unpaired electron which can rapidly combine with
the unpaired electron of NO to form ONOO3. Lev-
els of O32 are kept low in the cell by the enzyme
superoxide dismutase (SOD), which dismutates O32
to hydrogen peroxide (H2O2) and O2. Two major
forms of SOD exist in mammals: (a) copper/zinc
(Cu/Zn) SOD, found mainly in the cell cytoplasm,
but also extracellularly, and (b) manganese (Mn)
SOD, which is localised to the mitochondrial matrix.
Both forms of SOD catalyse the dismutation reaction
of O32 ; however, in the presence of H2O2, SOD can
produce potentially damaging oxidants such as the
hydroxyl (OHc) radical, and high levels of SOD can
be damaging to cells [3].
ONOO3 has been implicated in a wide range of
pathological processes [2]. Nitration of protein tyro-
sine residues is a convenient marker of ONOO3 pro-
duction in vivo [4], and nitration of neuro¢laments
by ONOO3 is enhanced by SOD [5]. This may be
signi¢cant in neurodegenerative disorders such as
amyotrophic lateral sclerosis (ALS), where missense
mutations in SOD have been shown to cause degen-
eration of motor neurons in a proportion of familial
ALS patients [6]. However, the only known signi¢-
cant source of ONOO3 in vivo is the reaction of NO
with O32 , and the rate of O
3
2 production is normally
very low in cells. We report here for the ¢rst time an
alternative source of ONOO3 : the reaction of NO,
H2O2 and SOD, which may have pathological impli-
cations, especially under conditions with elevated
NO and H2O2 levels.
2. Materials and methods
2.1. Measurement of NO levels
Measurement of NO levels were performed using
a Clark-type NO electrode (World Precision In-
struments) (based on [7]) inserted through the top
of a sealed, thermostatted vessel. The NO electrode
was connected to a chart recorder and NO decay
estimated by calculating the gradient of decay at
speci¢c NO concentrations. Experiments were per-
formed by injecting an aliquot of NO saturated
water (see below) into the vessel, which contained
1 ml of sodium phosphate bu¡er (0.1 M), pH 7.4
at 37‡C, stirred continuously at a constant speed.
Most NO measurements were performed in air-satu-
rated bu¡er, however, where anoxic conditions were
required, this was provided by including 1.25 mM
ascorbate and 2.5 Wg/ml ascorbate oxidase, which
removed all O2 from the vessel, without producing
any H2O2.
2.2. Preparation of NO
NO saturated water was prepared by purging a
gas-tight glass vial ¢lled with distilled de-ionised
water with nitrogen for approximately 20 min and
then bubbling pure NO gas (MG Gas Products)
through the deoxygenated vial for a further 15 min.
The concentration of NO in NO saturated water was
taken as 2.0 mM at 20‡C [8].
2.3. Preparation of washed Cu/Zn-SOD
Washed Cu/Zn-SOD was prepared by centrifuging
a sample of enzyme in a centriplus1 concentrator
(molecular mass cut-o¡ of 10 kDa) at 3000Ug for
135 min at 4‡C and resuspending the sample at the
desired concentration.
2.4. Fluorescence measurements
The formation of ONOO3 was determined from
the oxidation of non-£uorescent dihydrorhodamine-
1,2,3 (DHR) to £uorescent rhodamine-1,2,3. Rho-
damine-1,2,3 £uorescence was measured using a Per-
kin^Elmer MPF-44E £uorescence spectrophotometer
connected to a chart recorder (excitation wavelength
of 500 nm, emission wavelength of 536 nm; slit
widths 2.5 and 3.0 nm, respectively). Experiments
were performed in sodium phosphate bu¡er (0.1 M),
pH 7.4 at 37‡C in 3-ml £uorescence cuvettes to
which was added 50 WM DHR (Molecular Probes).
The £uorimeter was calibrated by adding known
quantities of rhodamine-1,2,3 in sodium phosphate
bu¡er. Also, known amounts of authentic ONOO3
(see below) were added to calibrate the relationship
between ONOO3 formation and DHR conversion to
rhodamine-1,2,3.
2.5. Preparation of ONOO3
ONOO3 was synthesised by reacting acidi¢ed
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H2O2 with sodium nitrite (NaNO2) at 4‡C [9,10].
5 ml NaNO2 (0.6 M) were mixed with 5 ml acidi¢ed
H2O2 (0.6 M HCl, 0.7 M H2O2) in a simple £ow
reactor (constructed by joining two 10 ml pipettes
at their bases with a plastic Y-junction (3 mm inter-
nal diameter)). The solutions in their respective pi-
pettes were allowed to £ow together under gravity
and mixed together in a plastic tube attached to
the bottom of the Y-junction. The reaction mixture
was then quenched into 5 ml NaOH (1.5 M) whilst
stirring and residual H2O2 degraded by manganese
dioxide (MnO2) (2 g) incubation for 30 min. MnO2
was removed by ¢ltering the solution through an
0.45 WM nitrocellulose ¢lter. Freeze fractionation of
this solution produced an upper concentrated yellow
band of ONOO3. ONOO3 concentrations were esti-
mated spectrophotometrically (O302 = 1670 M31 cm31
[11]).
2.6. Nitration of phenol
Phenol nitration was measured using a scanning
spectrophotometer (Hitachi U-2000) and scans taken
after each reaction addition. Experiments were per-
formed using 5 mM phenol in air-saturated sodium
phosphate (0.1 M), pH 7.4 at 37‡C.
2.7. Induction of i-NOS in macrophages
Macrophages (J774 murine macrophage cell line
ATCC TIB 67) were maintained in suspension cul-
ture in Dulbecco’s Modi¢ed Eagle Medium
(DMEM) with 4500 mg/l glucose and pyridoxine
HCl, 10% foetal calf serum, 100 units/ml penicillin
and 100 Wg/ml streptomycin. Only cells with s 95%
viability (measured by trypan blue exclusion) were
used for experiments. Inducible NO synthase (i-
NOS) was induced in the macrophages (approxi-
mately 2U105 cells/ml) by adding Salmonella typhi-
murium lipopolysaccharide (10 Wg/ml) and interferon-
Q (mouse recombinant, 50 units/ml) and incubating
the cells at 37‡C for 18 h in stirrer culture (5% CO2).
Activated cells were then resuspended (approxi-
mately 5U106 cells/ml) in a Krebs^Hepes medium,
pH 7.4. Measurements of NO decay and rhodamine-
1,2,3 £uorescence caused by H2O2 addition to i-NOS
macrophages were performed as described above in
the presence of 1 mM L-arginine.
2.8. Assay of cell death
Estimates of i-NOS macrophage cell death caused
by H2O2 addition were counted as cell membrane
rupture (measured by trypan blue exclusion) after
incubating the cells on plastic well plates at 37‡C in
DMEM containing 10% foetal calf serum. H2O2 ad-
ditions (100 WM) were made every 15 min to the cells
for 60 min and cell death counted at 30 and 60 min.
Assays including the Cu/Zn-SOD inhibitor diethyldi-
thiocarbamate (DETC) (10 mM) and the ONOO3
scavenger urate (100 Wg/ml) were also included with
appropriate controls. Washed Cu/Zn-SOD was pre-
pared by centrifuging a sample of enzyme in a Cen-
triplus concentrator (molecular mass cut-o¡ of 10
kDa) at 3000Ug for 135 min at 4‡C and resuspend-
ing the sample at the desired concentration.
2.9. Preparation of liver mitochondria
Isolation medium was as follows: 250 mM su-
crose, 5 mM Tris, 5 mM EGTA (pH 7.4) at 4‡C.
Liver was removed from a male rat (300 g) and
placed in isolation medium on ice. The liver was
chopped and rinsed and then homogenised with a
Dounce homogeniser. The homogenate was then cen-
trifuged at 3500 rpm for 5 min and then the super-
natant centrifuged at 8500 rpm for 10 min. The re-
sulting pellet was resuspended in medium and again
centrifuged at 8500 rpm for 10 min. The ¢nal pellet
was resuspended in approximately 250 Wl medium
and protein concentration assayed by Biuret test.
2.10. O2 measurements
Measurements of mitochondrial O2 consumption
was performed in the following medium: 20 mM
Hepes, 20 mM KCl, 5 mM KH2PO4, 5 mM MgCl2,
225 mM sucrose, pH 7.4 at 37‡C.
Mitochondria were incubated in the presence of
Cu/Zn-SOD, H2O2 and NO and also in the presence
or absence of urate for 10 min at 37‡C with appro-
priate controls. H2O2 and NO were added as 100 WM
and 1 WM additions respectively every 2 min for 10
min. All other additions were made in a single dose
at the start of incubation with the following concen-
trations: Cu/Zn-SOD, 50 mg/ml; urate, 50 Wg/ml.
The inhibition of mitochondrial O2 consumption
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caused by ONOO3 was also recorded. ONOO3 was
added as ¢ve aliquots of 70 WM over 10 min, giving a
total of 350 WM ONOO3. Five WM oxyhaemoglobin
was added to each incubated sample before oxygen
consumption was measured to ensure that NO (if
added) was removed. Mitochondrial O2 consumption
was measured using two di¡erent substrates: 5 mM
malate and 5 mM pyruvate or 2.5 mM succinate, and
state 3 respiration (in the presence of 1 mM ADP)
and uncoupled rate (in the presence of 10 WM DNP)
recorded. 10 WM rotenone was included when succi-
nate was used as a substrate. All O2 consumption
rates were measured over the range of 50^150 WM
O2.
2.11. Materials
DMEM, penicillin and streptomycin were from
Gibco-BRL. All other chemicals used were pur-
chased from Sigma Chemical Co. Cu/Zn-SOD was
from bovine kidney, suspended in 3.8 M (NH4)2SO4,
pH 7.0. Mn-SOD was from Escherichia coli.
3. Results
3.1. NO breakdown by SOD and H2O2
When an aliquot of NO is added to an air-satu-
rated medium, it breaks down slowly due to its re-
action with O2 in the medium (Fig. 1). We found
that SOD and H2O2 cause an increase in the break-
down rate of NO (Fig. 1 and Table 1) and that this
reaction also occurred in the absence of O2 (Table 1).
In the presence of a ¢xed amount of Cu/Zn-SOD,
further additions of H2O2 continued to cause rapid
breakdown of added NO. The observed NO break-
down rate was lower with the second additions of
H2O2 and NO, but still signi¢cantly higher than
the NO breakdown caused by O2 alone. This NO
breakdown rate was maintained for at least twelve
additions of 100 WM H2O2 (3rd and 6th additions
shown in Table 1). An increase in NO breakdown
catalysed by SOD was also observed with a tenfold
lower concentration of H2O2 (Table 1). H2O2, in the
absence of SOD, caused no detectable increase in
NO breakdown (Table 1). In the presence of Cu/
Zn-SOD, the rate of NO breakdown was signi¢-
cantly decreased when either CN3 (10 mM) or
DETC (10 mM), which inhibit Cu/Zn-SOD, were
added to the enzyme, or when SOD was incubated
with H2O2 (0.33 mM for 10 min), which inactivates
SOD (Table 1). DETC (10 mM) alone, DETC (10
mM) plus copper sulfate (CuSO4) (10 WM) or CN3
(10 mM) alone did not cause detectable NO break-
down (Table 1). The presence of mannitol (10 mM)
(a scavenger of OHc) did not prevent the observed
increased breakdown of NO in the presence of Cu/
Zn-SOD and H2O2 (Table 1), suggesting that the
increased NO breakdown is not mediated by OHc
radicals. H2O2 addition to washed Cu/Zn-SOD (to
remove any potential free copper ions) caused rapid
NO breakdown comparable to unwashed SOD.
CuSO4 and H2O2 did not cause a detectable increase
in NO breakdown (Table 1). Recently it was shown
that Cu/Zn-SOD acquires peroxidase activity at
physiological pH only in the presence of bicarbonate
[12]. Therefore we measured NO breakdown by Cu/
Zn-SOD and H2O2 in the presence of 20 mM sodium
bicarbonate but found that the NO breakdown rate
was similar to that in the absence of bicarbonate
(0.180 þ 0.015 nmol NO/min/ml at 200 nM NO,
Fig. 1. SOD and H2O2 cause rapid NO breakdown. A repre-
sentative trace of NO decay as monitored with an NO elec-
trode. Experiments were performed in air-saturated sodium
phosphate (0.1 M), pH 7.4, at 37‡C. Overlaid are traces with
NO alone present (solid line) and NO in the presence of Cu/
Zn-SOD (50 Wg/ml) and H2O2 (100 WM) (dashed line). The ad-
dition of reduced haemoglobin (1 WM), which binds NO, allows
zero [NO] to be established.
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n = 3). Mn-SOD also caused rapid NO breakdown in
the presence of H2O2 (Table 1).
3.2. Conversion of DHR to rhodamine-1,2,3 in the
presence of SOD, NO and H2O2
A £uorescent assay, involving the conversion of
non-£uorescent DHR to £uorescent rhodamine-
1,2,3, was used in order to detect ONOO3 formation
during the reaction of NO with SOD and H2O2.
Calibration of £uorescence was achieved by adding
known amounts of rhodamine-1,2,3 to sodium phos-
phate bu¡er (0.1 M, pH 7.4) and also by adding
authentic ONOO3 to DHR (50 WM) in sodium phos-
phate bu¡er (0.1 M, pH 7.4). ONOO3 production
was detected during the reaction of SOD (Cu/Zn-
and Mn-) with NO and H2O2 (Fig. 2). ONOO3 for-
mation, expressed in terms of rhodamine-1,2,3 £uo-
rescence, was recorded in the presence of SOD (50
Wg/ml), NO (1 WM) and H2O2 (100 WM) (Table 2).
Similar levels of rhodamine-1,2,3 £uorescence were
observed when Mn-SOD, instead of Cu/Zn-SOD,
was added to NO and H2O2 (Table 2). In the pres-
ence of Cu/Zn-SOD, rhodamine-1,2,3 £uorescence
was signi¢cantly lowered when CN3 (10 mM), which
inhibits Cu/Zn-SOD, was added to the enzyme or
when SOD was preincubated with H2O2 (0.33 mM
for 10 min), which inactivates SOD (Table 2). CN3
(10 mM) itself did not a¡ect the £uorescence ob-
served by adding authentic ONOO3 to dihydrorho-
damine-1,2,3 (result not shown). No £uorescence was
detected when Cu/Zn-SOD (50 Wg/ml) was incubated
with urate (50 Wg/ml), which is a potent scavenger of
ONOO3 [13] (Table 2). The reaction of SOD and
H2O2, SOD and NO, or H2O2 and NO did not pro-
duce detectable ONOO3 (results not shown). For-
mate (100 mM), mannitol (50 mM) and arginine
(100 mM) which all scavenge OHc radicals, did not
prevent ONOO3 production (Table 2). The addition
of EDTA (10 mM), which binds divalent cations, or
desferrioxamine (10 mM), which primarily chelates
ferric ions, had no e¡ect on the observed £uorescence
Table 1
SOD and H2O2 cause rapid breakdown of NO
NO breakdown rate (nmol NO/min/ml)
at 200 nM NO n at 600 nM NO n
NO 0.033 þ 0.002 6 0.165 þ 0.021 6
H2O2+NO 0.031 þ 0.005 3 0.166 þ 0.012 3
Cu/Zn-SOD+H2O2+NO 0.175 þ 0.018 3 0.454 þ 0.041 3
Cu/Zn-SOD+NO (no O2) 0.028 þ 0.002 3 ^ ^
Cu/Zn-SOD+H2O2+NO (no O2) 0.159 þ 0.018 3 ^ ^
Cu/Zn-SOD+3rd addition of (H2O2+NO) 0.089 þ 0.007 3 0.269 þ 0.024 3
Cu/Zn-SOD+6th addition of (H2O2+NO) 0.090 þ 0.001 3 0.254 þ 0.005 3
Cu/Zn-SOD+10 WM H2O2+NO 0.067 þ 0.000 3 0.230 þ 0.002 3
Cu/Zn-SOD+H2O2+NO+CN3 0.097 þ 0.01 5 0.183 2
NO+CN3 0.034 þ 0.007 3 0.167 þ 0.011 3
Cu/Zn-SOD+H2O2+NO+H2O2 (pre.) 0.061 þ 0.020 3 0.150 þ 0.009 3
Cu/Zn-SOD+H2O2+NO+DETC 0.041 þ 0.004 3 0.197 þ 0.014 3
NO+DETC 0.034 þ 0.00 3 0.178 þ 0.039 3
NO+DETC+CuSO4 0.036 þ 0.003 3 0.156 þ 0.021 3
Cu/Zn-SOD+H2O2+NO+ mannitol 0.283 þ 0.011 3 0.558 þ 0.015 3
washed Cu/Zn-SOD+H2O2+NO 0.131 þ 0.009 3 0.435 þ 0.028 3
washed Cu/Zn-SOD+H2O2+NO+DETC 0.041 þ 0.000 3 0.180 þ 0.002 3
CuSO4+H2O2+NO 0.038 þ 0.003 3 0.170 þ 0.017 3
Mn-SOD+H2O2+NO 0.289 þ 0.051 3 1.690 þ 0.095 3
Although 1 WM NO was added in each experiment, NO breakdown rates were recorded at 200 nM NO and 600 nM NO by drawing
a tangent to the NO decay curve at these NO concentrations. Experiments were performed in air-saturated sodium phosphate (0.1 M),
pH 7.4, at 37‡C. Concentrations were: NO (1 WM), Cu/Zn-SOD (50 Wg/ml), H2O2 (100 WM unless otherwise stated), CN3 (10 mM),
DETC (10 mM), mannitol (10 mM), CuSO4 (10 WM) and Mn-SOD (50 Wg/ml). In one treatment SOD was preincubated (pre.) with
0.33 mM H2O2 for 10 min to inactivate the enzyme. Results are expressed as mean þ S.D. of n experiments.
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in the presence of Cu/Zn-SOD, H2O2 and NO
(Table 2).
3.3. SOD, H2O2 and NO cause nitration of phenol
We observed an increase in absorbance over the
wavelength range 350^450 nm when authentic
ONOO3 was added to phenol in sodium phosphate
(0.1 M, pH 7.4) (Fig. 3), indicating nitration of phe-
nol [14]. A very low level of nitration was observed
when 5 WM NO alone was added to phenol (prob-
ably due to NO2 resulting from the reaction of NO
with O2); however, phenol nitration was signi¢cantly
increased when 5 WM NO was added in the presence
of Cu/Zn-SOD and H2O2. The concentrations of
phenol and SOD used in experiments did not absorb
over this wavelength range and H2O2 addition to
SOD in the presence of phenol caused no absorbance
increase. Further phenol nitration caused by SOD,
H2O2 and NO was evident after 15 min suggesting
a time-dependence of ONOO3 formation (result not
shown).
Fig. 2. A representative £uorimetric trace showing ONOO3 formation during the reaction of SOD and NO in the presence of H2O2
(conversion of non-£uorescent DHR to £uorescent rhodamine-1,2,3). Rhodamine-1,2,3 £uorescence was measured using an excitation
wavelength of 500 nm and an emission wavelength of 536 nm (slit widths 2.5 and 3.0 nm, respectively). Experiments were performed
in air-saturated sodium phosphate (0.1 M), pH 7.4, at 37‡C.
Table 2
The reaction of SOD with H2O2 and NO causes conversion of DHR to rhodamine-1,2,3, indicative of ONOO3 production
Rhodamine-1,2,3 £uorescence (WM)
t = 2 min n t = 5 min n
Cu/Zn-SOD+H2O2+NO 0.078 þ 0.011 5 0.133 þ 0.027 4
Cu/Zn-SOD+H2O2+NO+H2O2 (pre.) 0.019 þ 0.000 4 0.044 þ 0.012 4
Cu/Zn-SOD+H2O2+NO+CN3 0.023 þ 0.007 3 0.041 þ 0.005 3
Cu/Zn-SOD+H2O2+NO+urate 0.000 þ 0.000 3 0.000 þ 0.000 3
Cu/Zn-SOD+H2O2+NO+formate 0.073 þ 0.006 3 0.111 2
Cu/Zn-SOD+H2O2+NO+mannitol 0.085 þ 0.004 3 0.154 þ 0.002 3
Cu/Zn-SOD+H2O2+NO+arginine 0.065 þ 0.014 3 0.120 þ 0.026 3
Cu/Zn-SOD+H2O2+NO+EDTA 0.089 þ 0.010 3 0.116 2
Cu/Zn-SOD+H2O2+NO+desferrioxamine 0.079 þ 0.019 3 0.125 þ 0.018 3
Mn-SOD (50 Wg/ml)+H2O2+NO 0.087 þ 0.021 5 0.133 2
Rhodamine-1,2,3 £uorescence was recorded after 2 and 5 min after NO additions. Experiments were performed in air-saturated
sodium phosphate (0.1 M), pH 7.4, at 37‡C in the presence of 50 WM DHR. Concentrations were: Cu/Zn-SOD (50 Wg/ml), H2O2
(100 WM), NO (1 WM), CN3 (10 mM), urate (50 Wg/ml), formate (100 mM), mannitol (50 mM), arginine (100 mM), EDTA (10 mM),
desferrioxamine (10 mM) and Mn-SOD (50 Wg/ml). In one treatment SOD was preincubated (pre.) with 0.33 mM H2O2 for 10 min to
inactivate the enzyme. Results are expressed as mean þ S.D. of n experiments.
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3.4. H2O2 addition to activated macrophages causes
rapid NO breakdown
Macrophage NO production was monitored with
the NO electrode 18 h after i-NOS induction. Addi-
tion of H2O2 (100 WM) to the macrophages caused
rapid NO breakdown (approximately 0.33 WM NO/
min/106 cells) (Fig. 4a). Addition of isolated Cu/Zn-
SOD also caused NO decay in the presence of H2O2
(Fig. 4a). The addition of oxyhaemoglobin (1 WM)
removed all the NO allowing the zero NO concen-
tration to be determined. However, in the presence of
10 mM CN3, or when the cells were incubated with
10 mM DETC for 30 min, H2O2 did not cause de-
tectable breakdown of NO produced from activated
macrophages (Fig. 4b), suggesting that the NO
breakdown was mediated by active SOD inside the
cells.
3.5. H2O2 addition to activated macrophages causes
conversion of DHR to rhodamine-1,2,3
H2O2 addition (33 WM) to activated macrophages
(approximately 5.3U106 cells) also caused conver-
sion of DHR to rhodamine-1,2,3 and this £uores-
cence increase was inhibited by CN3 (10 mM),
H2O2 (10 mM incubated for 30 min), or by urate
(17 Wg/ml) (Table 3).
3.6. H2O2 addition to activated macrophages causes
cell death
H2O2 addition (4 aliquots of 100 WM in 60 min) to
activated macrophages caused signi¢cant cell death
at 30 and 60 min (approximately 18% cell death at
60 min) (Fig. 5). Macrophage cell death was signi¢-
cantly reduced when H2O2 was added to macro-
phages in the presence of the Cu/Zn-SOD inhibitor
DETC (10 mM) or in the presence of the ONOO3
scavenger urate (100 Wg/ml). Neither DETC (10 mM)
Fig. 3. SOD, H2O2 and NO cause nitration of phenol. A representative spectrophotometric scan (350^500 nm) indicating the extent
of phenol nitration caused by 5 WM NO alone, SOD (250 Wg/ml)+100 WM H2O2+5 WM NO, and by 100 WM ONOO3. Experiments
were performed with 5 mM phenol in air-saturated sodium phosphate (0.1 M), pH 7.4, at 37‡C.
Table 3
H2O2 addition to macrophages expressing i-NOS causes conversion of DHR to rhodamine-1,2,3
Rhodamine-1,2,3 £uorescence (nM) (after 210 s) n
i-NOS macrophages+H2O2 267.5 þ 10.8 5
i-NOS macrophages+CN3+H2O2 52.3 þ 7.7 6
i-NOS macrophages+H2O2 (10 mM preincubated for 30 min)+H2O2 47.1 þ 1.9 3
i-NOS macrophages+urate+H2O2 46.7 þ 5.8 3
Experiments were performed with approximately 5.3U106 cells with DHR (50 WM) in Krebs^Hepes bu¡er (pH 7.4) at 37‡C. Concen-
trations were: H2O2 (33 WM), CN3 (10 mM), and urate (17 Wg/ml). Results are expressed as mean þ S.D. of n experiments.
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Fig. 4. (a) H2O2 addition to macrophages expressing i-NOS causes rapid NO breakdown. Experiments were performed with approxi-
mately 5U106 i-NOS macrophages in a Krebs^Hepes medium (pH 7.4) at 37‡C. The addition of 1 WM oxyhaemoglobin removed all
the NO. Trace is representative of three experiments. (b) H2O2 addition to i-NOS macrophages preincubated with DETC (10 mM for
30 min) does not cause NO breakdown. Experiments were performed with approximately 5U106 i-NOS macrophages in a Krebs^
Hepes medium (pH 7.4) at 37‡C. Trace is representative of three experiments.
BBADIS 61851 30-7-99
A.G. McBride et al. / Biochimica et Biophysica Acta 1454 (1999) 275^288282
alone nor urate (100 Wg/ml) caused signi¢cant cell
death. The same level of H2O2 addition to control
macrophages (cells not expressing i-NOS and there-
fore not producing NO) did not produce signi¢cant
cell death after 60 min; cell death was 6.0 þ 1.0%
(n = 9) in these cells.
3.7. SOD, H2O2 and NO cause inhibition of liver
mitochondrial respiration
ONOO3 has been shown to inhibit mitochondrial
cis-aconitase and respiratory complexes I and II [15]
and as they may be signi¢cant cytotoxic targets of
ONOO3, we tested whether the addition of NO,
H2O2 and SOD to isolated liver mitochondria could
cause inhibition of respiration. Haemoglobin was
added to the mitochondria after the SOD reaction
but prior to measuring the O2 consumption rate, in
order to remove any reversible inhibition of cyto-
chrome oxidase by NO itself. Cu/Zn-SOD, H2O2
and NO caused signi¢cant inhibition of liver mito-
chondrial uncoupled respiration and state 3 respira-
tion when malate and pyruvate were used as sub-
strate (Figs. 6 and 7, respectively). The state 3
inhibition caused by SOD, H2O2 and NO was com-
pletely prevented by adding urate to the mitochon-
Fig. 5. DETC and urate can prevent cell death caused by H2O2 addition to macrophages expressing i-NOS. Aliquots of H2O2 (100
WM) were added to the cells every 15 min for 60 min. i-NOS macrophages (approximately 1U105 cells) were incubated in plastic cul-
ture wells for 60 min at 37‡C and cell viability assayed at 30 and 60 min by trypan blue exclusion. DETC (10 mM) and urate (100
Wg/ml) were added as a single dose at the start of incubation. Results are expressed as mean þ S.E.M. of three experiments.
Table 4
Succinate state 3 and uncoupled liver mitochondrial respiration is not inhibited by Cu/Zn-SOD, H2O2 and NO
State 3 rate (nmol O/min/mg) Uncoupled rate (nmol O/min/mg)
No addition 100.8 þ 1.1 126.5 þ 12.5
+SOD+H2O2+NO 100.8 þ 1.11 25.0 þ 8.5
+350 WM ONOO3 1.3 þ 0.5 5.0 þ 0.1
O2 consumption was measured after 10 min incubation of treatment in the presence of 10 WM rotenone at 37‡C and after the addition
of 5 WM oxyhaemoglobin. Concentrations used were: mitochondria, 1 mg; succinate, 2.5 mM; ADP, 1 mM (state 3); DNP, 10 WM
(uncoupled); SOD, 50 Wg/ml; H2O2, 5 additions of 100 WM in 10 min; NO, 5 additions of 1 WM in 10 min. Results are expressed as
mean þ S.D. of three experiments.
BBADIS 61851 30-7-99
A.G. McBride et al. / Biochimica et Biophysica Acta 1454 (1999) 275^288 283
dria and the inhibition of the uncoupled rate was
partially prevented with urate. 350 WM ONOO3 sig-
ni¢cantly inhibited both the state 3 rate and the un-
coupled rate. No inhibition was observed in the pres-
ence of SOD and H2O2, SOD and NO, or H2O2 and
NO. Neither SOD, nor H2O2, nor NO alone caused
inhibition of respiration. Urate itself did not a¡ect
the state 3 or uncoupled rates. The reaction of Cu/
Zn-SOD, H2O2 and NO caused no inhibition of the
state 3 rate or the uncoupled rate when succinate was
used as substrate (Table 4). Although both com-
plexes I and II are known to be ONOO3-sensitive
[15], under the conditions we used, respiration on
succinate was less sensitive to ONOO3 produced
from the reaction of SOD, H2O2 and NO.
4. Discussion
The present results indicate that SOD (Cu/Zn- and
Mn-) with H2O2 causes an increase in the breakdown
rate of NO with concomitant ONOO3 formation,
indicated by the conversion of DHR to rhodamine-
1,2,3. Recently, the speci¢city of DHR as a sensitive
indicator of ONOO3 has been demonstrated [16], in
that neither H2O2, O32 nor physiological levels of NO
are capable of signi¢cant DHR oxidation. We have
expressed ONOO3 formation as £uorescence of
rhodamine-1,2,3, however the addition of 1 WM
ONOO3 caused the production of about 0.25 WM
rhodamine-1,2,3, and we can use this to estimate
how much ONOO3 was produced from NO. Our
results suggest an estimated maximal production of
ONOO3 of roughly 0.75 WM after 10 min from 1 WM
NO addition to Cu/Zn-SOD (50 Wg/ml) and H2O2
(100 WM). The observed increase in NO breakdown
and subsequent ONOO3 formation are inhibited by
the addition of CN3 (10 mM) or by incubating Cu/
Zn-SOD with H2O2 ^ both inactivators of this form
of SOD, suggesting involvement of the active enzyme
in this reaction. DETC, a speci¢c inhibitor of Cu/Zn-
SOD, operates by removing the copper atom from
the active site of the enzyme. No increased NO
breakdown was recorded after H2O2 and NO addi-
Fig. 6. Malate and pyruvate uncoupled mitochondrial respiration is inhibited by Cu/Zn-SOD, H2O2 and NO.
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tion to DETC treated Cu/Zn-SOD and this suggests
the involvement of the copper atom of Cu/Zn-SOD
in the present reaction. We could not include DETC
in reactions where we measured £uorescence, as we
found that DETC itself quenched rhodamine-1,2,3
£uorescence. However, CN3 and H2O2, which were
used to inhibit SOD, had no e¡ect on rhodamine-
1,2,3 £uorescence. The zinc atom of Cu/Zn-SOD ap-
pears to play a structural stabilising role and is not
involved with the dismutation reaction of this form
of SOD [17] and probably has little or no function in
the present reaction. The presence of urate, a scav-
enger of ONOO3, had no e¡ect on the £uorescence
of rhodamine-1,2,3 itself, but prevented the SOD-cat-
alysed conversion of DHR to rhodamine-1,2,3, fur-
ther indicating that ONOO3 is produced during the
reaction of Cu/Zn-SOD, H2O2 and NO.
OHc radicals can be produced by SOD, and there-
fore to test whether this radical is involved in the
reaction, we included scavengers of OHc ; formate,
mannitol (k = 2.7U109, pH 7.0 [18]) and arginine
(k = 2.1U109, pH 7.0 [19]), in the £uorimetric assay
of ONOO3, and mannitol in the measurement of
NO breakdown. The presence of these scavengers
did not cause a decrease in the amount of rhoda-
mine-1,2,3 £uorescence observed during the course
of the reaction (Cu/Zn-SOD, H2O2 and NO in the
presence of DHR), nor did mannitol decrease the
SOD catalysed NO breakdown. These results there-
fore make OHc an unlikely candidate for involve-
ment in the present reaction. To exclude the involve-
ment of free copper ions in this reaction, we prepared
washed samples of Cu/Zn-SOD and with this enzyme
preparation, H2O2 caused similar NO breakdown as
with unwashed SOD. Also, the addition of 10 WM
CuSO4 and H2O2 did not cause any detectable in-
Fig. 7. Malate and pyruvate state 3 liver mitochondrial respiration is inhibited by Cu/Zn-SOD, H2O2 and NO. O2 consumption was
measured after 10 min incubation of each treatment at 37‡C and after the addition of 5 WM oxyhaemoglobin (to ensure that all the
NO was removed). Concentrations used were: mitochondria, 1 mg; malate and pyruvate, 5 mM; ADP, 1 mM (state 3); DNP, 10 WM
(uncoupled); Cu/Zn-SOD, 50 Wg/ml; H2O2, 5 additions of 100 WM in 10 min; NO, 5 additions of 1 WM in 10 min unless NO* where
the NO level was kept constant at 1 WM for 10 min; urate, 50 Wg/ml; ONOO3, 350 WM. Results are expressed as mean þ S.D. of
three experiments.
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crease in NO breakdown. The addition of metal che-
lators EDTA and desferrioxamine had no e¡ect on
the conversion of DHR to rhodamine-1,2,3 during
the reaction, suggesting that other trace metals are
not involved in this reaction either.
We did not investigate the mechanism of NO
breakdown and ONOO3 production. A plausible
mechanism could involve a partial reversal of the
dismutation reaction in the presence of SOD and
H2O2, causing reduction of the copper ion in Cu/
Zn-SOD:
H2O2  Cu2 ! O32  2H  Cu 1
This reaction of Cu/Zn-SOD is well characterised
[20]. The O32 so produced could then rapidly react
with added NO:
O32 NO! ONOO3 2
In order for the reaction to be catalytic, the copper
ion in Cu/Zn-SOD would have to be reoxidised,
probably by NO itself:
Cu NO! Cu2 NO3 3
Metal-catalysed reduction of NO is well character-
ised [21]. The nitroxyl anion (NO3) so produced
could either rapidly convert to nitrous oxide (N2O),
or that it might react with O2 to produce another
molecule of ONOO3 [22]. However, we have shown
that SOD and H2O2 cause rapid NO breakdown
even in the absence of O2 (Table 1), making ONOO3
formation from the reaction of NO3 and O2 un-
likely.
In this work, we have shown that in the presence
of approximately 3 WM Cu/Zn-SOD, subsequent ad-
ditions of H2O2 continued to cause breakdown of
added NO (up to twelve additions of 1 WM NO) at
a rate signi¢cantly higher than the NO breakdown
caused by O2 alone and we can estimate that a mini-
mum of 6 WM NO (of the total 12 WM NO added)
was broken down by 3 WM Cu/Zn-SOD alone, sug-
gesting that the reaction is in fact catalytic.
An increase in the breakdown rate of NO and
subsequent production of ONOO3 may have impor-
tant clinical implications, especially in conditions
with elevated NO and H2O2 levels, e.g., in in£amma-
tory conditions or after ischaemia [23]. Recently NO
has been shown to inhibit catalase [24] and gluta-
thione peroxidase [25], which might cause elevated
H2O2 levels and a subsequent increase in ONOO3
production. ONOO3 itself is an inhibitor of many
cellular enzymes, including aconitase [26] and gluta-
thione reductase [27].
In biological systems, ONOO3 will rapidly react
with and nitrate phenolic compounds such as tyro-
sine, salicylic acid (2-hydroxybenzoic acid) and 4-hy-
droxyphenylacetic acid. In fact, tyrosine nitration is
used as a marker of reactive nitrogen-centred oxidant
production, but speci¢cally as an ONOO3 footprint
in vivo. Tyrosine nitration can be found from lung
biopsy samples from patients with sepsis, pneumonia
or adult respiratory distress syndrome [28,29].
ONOO3 does not inactivate Cu/Zn SOD, but can
react to produce the highly reactive and toxic nitro-
nium ion (NO2 ). Once in the active site, ONOO
3
forms a cuprous adduct which can donate NO2 to
phenolics. SOD-catalysis of nitration of neuro¢la-
ments has been suggested as a cause of motor neuron
disease and this may contribute to the role of SOD in
causing amyotrophic lateral sclerosis [2]. In fact, a
speci¢c ALS-mutation for Cu/Zn-SOD can lead to
enhancement of free radical formation due to a de-
crease in the Km for H2O2 [30]. We observed nitra-
tion of phenol when NO was added to phenol in
the presence of Cu/Zn-SOD and H2O2 but we
do not know whether this nitration was caused di-
rectly by ONOO3 or whether it was catalysed by
SOD.
i-NOS can be induced in a variety of cell types and
here we have shown that H2O2 addition to activated
J774 macrophages (which contain SOD) causes rapid
breakdown of the NO they produce and that this
breakdown is inhibited by 10 mM CN3 or by incu-
bating the cells with 10 mM DETC. The further
addition of isolated Cu/Zn-SOD, which is not per-
meable to the cells, caused further NO breakdown,
suggesting that the present reaction may operate in-
side the cells, but also extracellularly as well. We
have also shown the conversion of DHR to rhod-
amine-1,2,3 when H2O2 is added to these cells and
that this reaction is inhibited by incubating the cells
with either 10 mM CN3 or with 10 mM H2O2, or by
including urate which is an ONOO3 scavenger. The
amount of rhodamine-1,2,3 £uorescence equates to
approximately 1 WM ONOO3 production suggesting
then that most, if not all the NO produced by the
cells is oxidised to ONOO3. We have also demon-
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strated that H2O2 addition to activated macrophages
can cause signi¢cant cell death within 60 min and
that this death can, in part, be prevented by treating
the cells with the Cu/Zn-SOD inhibitor DETC or
by including the ONOO3 scavenger urate. These re-
sults suggest then that cellular ONOO3 produc-
tion involving SOD may be of pathological impor-
tance under conditions of elevated NO and H2O2
levels.
ONOO3 is known to be an inhibitor of the mito-
chondrial electron transport chain [15] and here, we
have also shown that the reaction of SOD, H2O2 and
NO can cause signi¢cant inhibition of the O2 con-
sumption of liver mitochondria respiring on malate
and pyruvate. Both the state 3 rate and uncoupled
rate are inhibited by this reaction and the presence of
urate partially prevents the inhibition. We do not
know whether this mitochondrial inhibition contrib-
utes to the cell death we observed when H2O2 was
added to i-NOS macrophages. Respiration on succi-
nate, which is a FAD-linked substrate, was not sig-
ni¢cantly a¡ected by SOD, H2O2 and NO. Thus the
reaction of SOD, H2O2 and NO appears to be inhib-
iting either mitochondrial complex I or some compo-
nent of the citric acid cycle. Since mitochondria are a
primary cytotoxic target of the ALS mutants [31],
these ¢ndings are consistent with this reaction con-
tributing to the pathology of familial ALS, and pos-
sibly ALS generally.
High levels of SOD have been shown to be cyto-
toxic in a variety of in vitro systems [3,32]. An extra
copy of the Cu/Zn-SOD gene has been suggested to
contribute to Down’s syndrome [33]. A small propor-
tion of patients with motor neuron disease have a
variety of mutations in SOD which cause the disease
[6] and these mutations, in general, do not a¡ect the
dismutation activity of SOD [34], but rather cause it
to gain a cytotoxic function which has been sug-
gested to involve SOD catalysed protein tyrosine ni-
tration by ONOO3 [5]. The ¢ndings presented here,
that SOD catalyses ONOO3 production, suggest the
possibility that the cytotoxicity of SOD may be due
to this reaction.
In conclusion, our ¢ndings suggest the possibility
that increased breakdown of NO and concomitant
production of ONOO3 in the presence of SOD
may be of signi¢cant importance pathologically
under conditions of elevated H2O2 and NO levels.
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